Abstract The morphological constituents of English compounds (e.g., "butter" and "fly" for "butterfly") and twocharacter Chinese compounds may differ in meaning from the whole word. Subjective differences and ambiguity of transparency make judgments difficult, and a computational alternative based on a general model might be a way to average across subjective differences. In the present study, we propose two approaches based on latent semantic analysis (Landauer & Dumais in Psychological Review 104:211-240, 1997): Model 1 compares the semantic similarity between a compound word and each of its constituents, and Model 2 derives the dominant meaning of a constituent from a clustering analysis of morphological family members (e.g., "butterfingers" or "buttermilk" for "butter"). The proposed models successfully predicted participants' transparency ratings, and we recommend that experimenters use Model 1 for English compounds and Model 2 for Chinese compounds, on the basis of differences in raters' morphological processing in the different writing systems. The dominance of lexical meaning, semantic transparency, and the average similarity between all pairs within a morphological family are provided, and practical applications for future studies are discussed. ) when the wholeword meaning can be grasped through its individual constituents, such as "cookbook." Compound words are regarded as being semantically opaque (opaque-opaque, OO), when the word's meaning cannot be fully derived from its constituents -for example, "cocktail." Some compound words are considered partially opaque (opaque-transparent, OT, or transparent-opaque, TO) when the primary meaning of only one of the constituents is related to the meaning of the compound, such as in "butterfly" or "staircase," respectively. Several models have attempted to explain the access mechanisms of compound words from the mental lexicon (see Frisson et al., 2008 , for a review). The whole-word model (Butterworth, 1983) proposes that a compound is accessed as a whole, so that the transparency of the constituents does not influence the processing of a word. The morphological decomposition model (Taft, 1981) suggests that readers decompose a compound into its constituents, followed by access to the constituents' meanings, and then construct the whole-word meaning on the basis of the individual constituents. The parallel dual-route (process) model (Baayen, Dijkstra, & Schreuder, 1997) suggests that a whole-word lookup route and a decomposition route compete with each other, implying that semantic transparency possibly plays a role in deciding which route will be used.
manipulating frequency (see Zhou, Ye, Cheung, & Chen, 2009 , for a review). In a series of experiments with varied whole-word and constituent frequencies, Chen and Chen (2006) showed that compound-word production in Chinese is not sensitive to morpheme frequency, even when all of the stimuli are semantically transparent, and they suggested that morphological encoding is only minimally involved in the production of Chinese transparent compound words. Consistent results were obtained by Janssen, Bi, and Caramazza (2008) , who found that compound-word production is determined by the compound's whole-word frequency either in Chinese or in English, and not by its constituent morpheme frequency. Their results support the view that compounds are stored in their full form. However, inconsistent results were obtained for low-frequent compounds during reading (Yan, Tian, Bai, & Rayner, 2006) . These authors investigated the effect of (two-character) compound-word and constituent (character) frequency on word processing during reading on eye movements, and they suggested that when a compound is frequent and has been seen quite often in print, it is accessed as a single entity in the mental lexicon of Chinese readers, whereas when it is infrequent, the compound needs to be accessed via the constituents (and hence, an effect of character frequency emerges).
In studies in which the frequency and transparency of Chinese compound words are manipulated, Hung, Tzeng, and Chen (1993) reported a reliable constituent frequency effect for fully transparent compounds (TT) but not for opaque ones (either TO, OT, or OO) in a lexical-decision task. They also obtained a significant whole-word frequency effect for both transparent and opaque compounds. They suggested that a whole-word representation exists for all types of Chinese compounds, even for fully transparent ones, but that separate morphemic representations in the mental lexicon exist only for transparent compounds. Mok (2009) reported a larger word superiority effect (WSE) for opaque compounds (either TO, OT, or OO) than for transparent ones in a modified Reicher-Wheeler paradigm, which briefly presents words and letters followed by a mask (see Mok, 2009; Reicher, 1969; Wheeler, 1970) . The WSE describes more accurate recognition when a target character-for example, 态 ("appearance")-is in the context of a compound word 态度 ("manner"), as opposed to when the same target is in a position-matched nonword control 态备 ("appearanceequipped"). They also found a larger WSE for Chinese compounds with high whole-word frequencies than for ones with low whole-word frequencies. The results imply that all types of Chinese compounds, including TT, have corresponding whole-word entries in the mental lexicon, and that the constituents of TT compounds are activated more distinctively than the ones of opaque compounds (OT, TO, and OO).
Taken together, these results show a reliable whole-word frequency effect and indicate that whole-word representations exist in the mental lexicon, even for TT compounds. Fully transparent compounds tend to be accessed via constituents (1) when the compounds are low-frequent during reading (Yan et al., 2006) , (2) in lexical-decision tasks (Hung et al., 1993) , or (3) in a modified Reicher-Wheeler paradigm (Mok, 2009) . Although inconsistent results have been found in different tasks, studying semantic transparency is clearly important for understanding morphological processing in Chinese.
Estimating semantic transparency

Transparency rating of English compounds
Transparency ratings are the most common method to obtain transparency information. For instance, Pollatsek and Hyönä (2005) selected 80 compound words, 40 of which they assumed to be semantically transparent, and the other 40 to be opaque. They asked eight subjects to rate these words regarding their transparency using a 7-point scale (with 1 for totally transparent and 7 for totally opaque), and the ratings were clearly lower for the supposedly transparent sets than for the supposedly opaque ones. Frisson et al. (2008) asked 40 participants to rate transparency in terms of the appropriate categories, either OT, TO, OO, or TT, for each compound. Frisson et al. found good agreement between the subjects' choices and the predefined classifications.
Transparency ratings of Chinese compounds
In Mok (2009) , semantic transparency judgments were made in two passes, one by an experimenter and by five trained participants' analysis on the basis of dictionary definition, OO 壽司 ("sushi") 壽 ("age") 司 ("to be in charge of") TO 智商 ("I.Q.") 智 ("intelligent") 商 ("commerce") OT 追悼("commemorate")
追 ("chase") 追 ("mourn")
Behav Res and the other by 30 naïve participants. A 6-point scale rating, in which 1 was opaque and 6 transparent, was used for both passes. In general, a constituent was classified as transparent if the rating was greater than 3.5, and as opaque if the rating was less than 3.5.
Subjective differences and ambiguity of transparency Unfortunately, estimates of semantic transparency are often subjective and vary strongly across raters. Mok (2009) pointed out that response biases in transparency judgments may be due to (1) a subject's understanding of the meaning of stimuli being different from the dictionary definition, (2) the meaning of a compound not being dissociated from its constituents, or (3) a subject not clearly knowing the meaning of the presented materials. Furthermore, subjective differences may also be caused by the instructions for the transparency judgments-for example, by dictionary definitions or by other means-which may have great influence on the ratings, since the concept of a word is not clearly defined for Chinese readers. For a constituent with multiple, inconsistent meanings, raters may make subjective decisions leading to inconsistent results. Sometimes even the meaning of transparent compounds cannot be unambiguously determined from the meanings of their constituents (see Frisson et al., 2008) . Inhoff, Starr, Solomon, and Placke (2008) indicated that a semantic relationship often exists between an opaque lexeme and its compound; for example, even though "jailbird" typically refers to a person rather than an animal, it can convey useful semantic information, such as being caged or wishing to fly free. This subjectivity and variability also occurs in the characters of Chinese compounds. A general model may be a way to average across subjective differences.
Models to predict transparency using LSA
In this study, we propose models using latent semantic analysis (LSA) for predicting raters' transparency judgments. LSA is a method to determine the semantic similarity of words and sets of words by statistical computations applied to a text corpus (Landauer & Dumais, 1997; Landauer, McNamara, Dennis, & Kintsch, 2007) . Typically, the terms are words, and a term-to-document co-occurrence matrix is established from a corpus. Then, a mathematical method, singular value decomposition (SVD), is used to reduce the dimensions of the original matrix (see Martin & Berry, 2007) . The meaning of each term is represented as a vector in semantic space. One can compute the semantic similarity values for any two terms in a given language using the LSA cosine value, which ranges from −1 to 1, but rarely goes below 0 because the matrix is made up of word counts, which are strictly positive. Since only very small negative numbers occur in the left singular matrix, the dot product (and the cosine) tends to have a lower bound close to zero. In the semantic space for "general reading up to 1st year college" (abbreviated as SP-E) with the 300 dimensions used in the present study, randomly chosen pairs of words have a mean of .03 and a standard deviation of approximately .08 (see Landauer et al., 2007) . An LSA website is freely available (http://lsa.colorado.edu/, accessed September, 2010; see Dennis, 2007) .
LSA has been used to investigate morphological decomposition; for example, Rastle, Davis, Marslen-Wilson, and Tyler (2000) investigated morphologically complex words with semantically transparent embedded stems (e.g., "depart" vs. "departure") and opaque embedded stems (e.g., "apart" vs. "apartment"). Similarly, Diependaele, Duñabeitia, Morris, and Keuleers (2011) used LSA to estimate transparency between full words and constituentembedded stems, which yielded "viewer" versus "view" as being highly transparent and "corner" versus "corn" as highly opaque.
Since the LSA-based method may be able to estimate the transparency of English compounds, it could possibly be applied to Chinese two-character words in a similar manner. Following the principle of creating semantic spaces (Quesada, 2007) , our previous studies (M. L. Chen, Wang, & Ko, 2009; Wang, Pomplun, Ko, Chen, & Rayner, 2010) built an LSA semantic space of Chinese (abbreviated as SP-C) from ASBC, which contains approximately 5 million words (or 7.6 million characters). The texts in ASBC were collected from different topics. Word segmentation was performed manually according to the standard by Huang et al. (1997) . For representatives of words in the corpus, words that occurred less than four times among the 5 million words were excluded in SP-C. Most of the excluded words were proper names and technical nouns. A 49,021 × 40,463 termto-document co-occurrence matrix was then established. SP-C has been shown to successfully estimate word predictability (see Wang et al., 2010) and word association (see in Chinese.
However, LSA was merely developed as a tool in morphological-decomposition studies to validate human transparency judgments, instead of being a model based on a theoretical foundation that can be strongly predictive and correlated with transparency judgments. Furthermore, LSA has not yet been tested for two-constituent compound words in English or Chinese, which raises the question of whether the cross-linguistic comparison could be made in the same manner. Therefore, we adopted the idea of comparing the meanings of a compound and of each of its constituents in Model 1. We also proposed a Model 2 based on the theoretical foundation of morphological family members, and this model may explain how a rater accomplishes semantic Behav Res judgment tasks. Furthermore, it was necessary to evaluate the discrimination performance of the proposed models for human transparency ratings. We evaluated how LSA estimates transparency using the English compound materials in Frisson et al. (2008) , the Chinese compounds in Mok (2009) , and transparency rating conducted for the present study. The objectives of building general models are to develop a research method to average across subjective differences and to allow a linkage between the theoretical foundation and technical understanding of LSA for transparency judgments.
Model 1: Whole word versus each of its constituents One proposed idea of modeling how transparency judgment is done by raters is to compute the LSA cosine values between a compound word and each of its constituents. The parameters of Model 1 include the semantic space, the number of dimensions, and the comparison type. For example, using SP-E, 300 dimensions, and "term-to-term" comparison, the LSA cosine value between "staircase" and "stair" is .57, whereas the one between "staircase" and "case" is .07. Since the constituent "stair" and the compound word "staircase" result in a clearly higher cosine value, "stair" is considered semantically transparent, whereas "case" is considered opaque.
To accomplish the comparisons of Model 1, the compound words are required to have their constituents occur in the semantic space on their own, which becomes a constraint of Model 1. The term-to-document matrix of SP-C uses the unit of words, which may be single-or multicharacter words. Within the 49,021 words available in SP-C, 31,637 are two-character words, and for 3,921 out of these two-character words, either the first or the second character is not a standalone word occurring more than three times in the corpus. That is, 12 % of the compound-word cases were unavailable in the Model 1 computations.
Model 2: Whole word versus dominant meaning of each of its constituents A possible solution for the constraint in Model 1 is proposed in Model 2, which assumes that a rater accesses the dominant meaning of a constituent from its morphological family. Chinese compounds sharing common constituent morphemes were consistently found to facilitate each other (Zhou, Marslen-Wilson, Taft, & Shu, 1999) . It is also known in English that morphologically related words in the mental lexicon are linked in meaning, and a morpheme shared by more morphological family members allows for more rapid activation of a word's meaning, and therefore faster responses in word recognition tasks (see Bybee, 1988; Feldman et al., 2006) . Therefore, Model 2 takes the polysemy of a constituent into account and may be well-adapted to morphological processing models. Furthermore, Model 2 overcomes the limitation of Model 1 that some characters do not exist as one-character words, which is especially useful for Chinese.
The first step of Model 2 is to obtain the dominant meaning of the constituent from its morphological family members that a rater would possibly activate. We computed the LSA cosine values of the pairs in the morphological family members as a distance function. Using a hierarchical clustering algorithm and a given threshold, we classified these morphological family members into semantic clusters. Subsequently, a cluster-with the largest family size, or the highest sum of word frequencies (occurrence in corpus) when multiple clusters obtained the same family size-was considered the dominant meaning. An example of the transparency of the constituent "butter" in "butterfly" is determined as follows: The morphological family members "butter," "butterfly," "buttercup," "butterfingers," "buttermilk," "butterscotch," and "butterfat" are activated; the LSA cosine values among them are shown in Table 2 . The semantic similarities, although in high-dimensional space, can be visualized by multidimensional scaling (MDS) in two dimensions, as is shown in Fig. 1a . According to the distance measure by LSA and the agglomerative hierarchical clustering algorithm (implemented in MATLAB; The MathWorks, Inc., Natick, MA), "butter," "buttercup," "buttermilk," "butterscotch," and "butterfat" are in one cluster, and "butterfly" and "butterfingers" are in their own clusters. We applied "term-todocument" comparison (i.e., each word in the "document" is represented as a vector and weighted according to its frequency in the corpus, and the "document" is the vector addition of the weighted vectors) between the compound (e.g., "butterfly") and the dominant meaning cluster (e.g., the string "butter buttercup buttermilk butterscotch butterfat") in order to compute the LSA cosine value (in this example, .04). Similarly, the LSA cosine values between the Chinese character 馬 ("horse") and its morphological family members are presented in Table 3 , Table 2 Latent semantic analysis (LSA) cosine values among "butter," "butterfly," "buttercup," "butterfingers," "buttermilk," "butterscotch," and "butterfat" butter -fly -cup -fingers -milk -scotch -fat butter (2085) 1 butterfly (630) .04 1 buttercup (24) .09 .09 1 butterfingers (3) 0 -. and the MDS result is illustrated in Fig. 1b . 馬 ("horse"), 馬背 ("horseback"), 馬鞍 ("saddle"), and 馬車 ("carriage") are grouped in one cluster, 馬來 ("Malaysian") and 馬國 ("Malaysia") form another one, whereas 馬虎 ("careless"), 馬 桶 ("stool"), and 馬腳 ("a clue of") are in their own clusters. The parameters in Model 2 include semantic space, number of dimensions, comparison type, morphological family definition, threshold and distance function of the clustering algorithm, and dominant meaning definition (by family size or by frequency). The definition of morphological family for a constituent is considered position-specific; for example, the morphological family of "butter" in "butterfly" are words starting with "butter" as a constituent. The selection of a threshold in a clustering algorithm is related to the distance function as well as to the LSA values in a given semantic space. A low threshold may generate too many clusters, whereas a high threshold may group unrelated members in one cluster.
The access of the dominant meaning of a constituent may be different between English and Chinese compounds. The English writing system contains clear word boundaries, and the constituents in English compounds are usually standalone words. However, the concept of a word is not clearly defined in Chinese, and it is possible that Chinese readers derive the meaning of a character implicitly from its morphological family. Therefore, due to the cross-linguistic difference, the settings of the model parameters may differ between the English and Chinese languages.
Model evaluation
We evaluated Models 1 and 2 on the basis of three data sets: English compounds using the materials of Frisson et al. (2008) , Chinese compounds in Mok (2009) , and a transparency-rating procedure conducted for the present study. To represent semantic similarity, we report the descriptive statistics and distributions of the LSA cosine values computed by Model 1 (M1) and by Model 2 (M2) as the major measures, and the average LSA cosine values between all pairs within a morphological family (Co, henceforth referred to as consistency) as a supportive measure. A nonparametric test was performed using Mann-Whitney U tests. Since the models attempted to map the LSA cosine values (a continuous variable) onto dichotomous transparency results (either O or T), we performed a receiver operating characteristic (ROC; Green & Swets, 1966) analysis, which plots the hit rate on the y-axis as a function of the false-alarm rate on the x-axis. The discriminatory ability of a model is reflected in the area under the ROC curve (AUC), which typically ranges from .5 (chance level) to 1 (perfect performance).
English compounds in Frisson et al. (2008) Method Stimuli For the English compounds, we reanalyzed the materials in Frisson et al. (2008) , which included 10 OO, 14 OT, 10 TO, and 34 TT compounds (i.e., 44 opaque and 92 transparent constituents). The proportions of subjects' choices agreeing with the predefined classification was 65 % for OO, 71 % for OT, 65 % for TO, and 86 % for TT. Moreover, the proportions of subjects classifying at least one of the constituents as opaque for the predefined opaque words were very high: 95 % for OO, 93 % for OT, and 95 % for TO.
Analysis For the computations in Models 1 and 2, 40 opaque and 84 transparent constituents were available using SP-E and 300 dimensions. The "term-to-term" comparison was Behav Res used in Model 1 and "term-to-document" was used in Model 2. In Model 2, we defined morphological family as the compounds sharing the same constituents in the same position. For the agglomerative hierarchical clustering algorithm, a distance function and a threshold were used to decide which morphological family members should be combined. The distance function between pairs of morphological family members was set to one minus the absolute value of the LSA cosine value, and the threshold was set to .8. The dominant meaning was defined as the cluster with the highest sum of frequencies. The details are reported in Appendix Table 5 .
Results and discussions
Descriptive statistics We found that the M1 results for the transparent constituents (mean = .29, standard deviation = .21) were significantly higher than those for opaque ones (mean = .07, standard deviation = .09), U = 430.50, N 1 = 40, N 2 = 84, p < .001. The results were consistent in M2: Higher cosine values were obtained for transparent constituents (mean = .31, standard deviation = .26) than for opaque constituents (mean = .05, standard deviation = .16), U = 564.00, N 1 = 40, N 2 = 84, p < .001. Co was found to be higher for transparent constituents (mean = .21, standard deviation = .14) than for opaque constituents (mean = .17, standard deviation = .13), U = 1,442, N 1 = 44, N 2 = 92, p < .01. The distributions of LSA cosine values of transparent and opaque constituents computed by Models 1 and 2 are shown in Fig. 2a and b.
ROC Figure 3a illustrates the ROC curves for Models 1 and 2, and the AUCs are .87 and .83, respectively. An "optimal" cutoff point in the ROC curve, defined as the shortest Euclidian distance to the point (0, 1) (perfect performance; i.e., false-alarm rate of 0 and hit rate of 1), can be used to find a LSA cosine value that performs a good separation between opaque and transparent constituents. The optimal cutoff point of Model 1 is at a hit rate of .74 and a false-alarm rate of .10 when the threshold of the LSA cosine value is set to .135. The optimal cutoff point for Model 2 is at a hit rate of .80 and a false-alarm rate of .20, for which the threshold of the LSA cosine value is .085. Model 1 showed a higher hit rate than does Model 2 for all false-alarm rates except those between .2 and .4. Both models perform good prediction of human transparency judgments, and Model 1 has slightly better performance than Model 2. The overall results suggest that LSA successfully captures the transparency conditions in the materials of Frisson et al. (2008) .
Chinese compounds in Mok (2009) The total of 190 compounds were divided into two sub-datasets: high-frequency items and low-frequency items. Each sub-data-set contained half of the compounds. The agreement between two passes (one by dictionary definition and the other by subject rating) was high (Cohen's kappa = .83), and low-frequency items (Cohen's kappa = .87) obtained higher agreement than did high-frequency items (Cohen's kappa = .78). The compounds in Mok (2009) were presented in simplified script, and they were converted into traditional script in SP-C. The details are listed in Appendix Table 6 .
Method
Stimuli for high-frequency items The final classification included 21 TT, 21 TO, 22 OT, and 31 OO compounds, resulting in 85 transparent and 105 opaque constituents. Due to the different segmentation standards applied to the Mok (2009) study in SP-C, the compound 幻灯 ("slideshow," as 幻燈 in traditional script) was converted into 幻燈機 Low -frequent items in Mok (2009) Materials in the present study ("slideshow machine") and 幻燈片 ("slides"), 忘年 ("old age") was converted into 忘年之交 ("an old friend"), 开交 ("to conclude [impossible] to finish," as 開交 in traditional script) was converted into 不可開交 ("to conclude impossible to finish" Analysis The model parameters were set as follows: SP-C was used for the computations in Models 1 and 2. The "termto-term" comparison was used in Model 1 and the "term-to- Mok (2009) . Panels e and f are for the materials in the present study, predicted by Models 1 and 2, respectively Behav Res document" was used in Model 2, except that 幻燈機 幻燈片 was based on the "document-to-term" comparison in Model 1 and the "document-to-document" comparison in Model 2. For the clustering algorithm in Model 2, the threshold setting was .5, and the dominant meaning was defined as the cluster with the largest family and the highest sum of frequencies if the family sizes of multiple clusters were the same.
Results and discussions
Descriptive statistics for high-frequent items We found that the M1 results for the transparent constituents (mean = .22, standard deviation = .19) were significantly higher than those for the opaque words (mean = .12, standard deviation = .10), U = 2,741.50, N 1 = 80, N 2 = 100, p < .001. Again, for transparent constituents (mean = .34, standard deviation = .37), M2 obtained higher LSA cosine values than those for opaque constituents (mean = .15, standard deviation = .30), U = 2,779.50, N 1 = 85, N 2 = 103, p < .001. For Co of high-frequency items, consistent with the English constituents, transparent constituents (mean = .12, standard deviation = .07) yielded higher values than did opaque constituents (mean = .09, standard deviation = .04), U = 3,047.5, N 1 = 83, N 2 = 104, p < .01. Figure 3b illustrates the ROC curves for Models 1 and 2, and the AUCs are .66 and .68, respectively. These ROC curves show that Model 2 generated more false alarm cases in the beginning of the curve than Model 1, which were caused by the "O responses to T" cases. Nevertheless, Model 2 overall slightly outperformed Model 1. The distributions of LSA cosine values of transparent and opaque constituents computed by Models 1 and 2 are shown in Fig. 4a and b.
ROC for high-frequency items
Misclassified item analysis for high-frequency items Since a few opaque items have high LSA cosine values, and also a few transparent items have low LSA values in Fig. 4b , we selected a cutoff point of .4 of the LSA cosine value and summarize the constituent frequency, family size, and consistency in Table 4 . A one-way analysis of variance (ANOVA) for the four transparency conditions (T responses to T, T responses to O, O responses to T, and O responses to O) indicated a significant overall effect of condition on the consistency, F(3, 183) = 11.94, p < .001. Post-hoc tests using Bonferroni-adjusted p values revealed that consistency was higher in the condition of T responses to T than in each of the other conditions (all ps < .01). None of the other comparisons were significant (all ps > .37). A one-way ANOVA revealed a marginal difference in frequency across the four conditions, F(3, 186) = 2.41, p = .07. The frequency of O responses to T (mean: 63) was numerically lower than in the other conditions, but the difference did not reach significance in the Bonferroni-corrected post-hoc tests (all ps > .30). These results suggest that when the consistency of constituents was high, the prediction for transparent constituents tends to be more accurate. Constituent frequency might be a possible reason for the misclassification of Model 2 in high-frequency items (see Fig. 4b ), since Model 2 defines the dominant meaning as the cluster with higher family size and frequency. We suggest that the polysemy and frequency of constituents may affect model predictions.
Descriptive statistics for low-frequency items We found that transparent constituents (mean = .16, standard deviation = .13) obtained higher M1 values than did opaque ones (mean = .08, standard deviation = .08), U = 1,335, N 1 = 66, N 2 = 103, p < .001, and transparent constituents (mean = .11, standard deviation = .20) obtained higher M2 values than did opaque ones (mean = .02, standard deviation = .07), U = 1,335, N 1 = 66, N 2 = 103, p < .01. For Co, transparent constituents (mean = .10, standard deviation = .04) showed marginally higher values than did opaque ones (mean = .09, standard deviation = .03), U = 3,689, N 1 = 93, N 2 = 94, p = .06.
ROC for low-frequency items The AUCs of the ROC curves for Models 1 and 2 were .70 and .64, respectively (see Fig. 3c ), which may be caused by subjects accessing the meaning of a constituent via its standalone form, rather than via its morphological family. The distributions of LSA cosine values of transparent and opaque constituents computed by Models 1 and 2 are shown in Fig. 4c and d.
Discussion In general, the models showed less predictive power for the Mok (2009) Behav Res judgments by dictionary definition or how naïve raters activated meanings from morphological family members. Model 1 represents the meaning of a constituent when it is standalone, which may be closer to its dictionary definition than it is in Model 2. On the other hand, Model 2 represents the dominant meaning (defined as higher family size and frequency) derived from its morphological family members, and Model 2 may be closer to a subject's rating than is Model 1 when the stimuli are high-frequency.
Transparency rating in the present study
We found that model prediction may be affected by the procedures for transparency rating-for example, the two passes (one by dictionary definition and the other by subject rating) in the study by Mok (2009) . It is also important to notice that the transparency rating in Mok is somewhat different from the one in Frisson et al. (2008) , who asked participants to categorize a word as being OT, TO, OO, or TT. Following Frisson et al. (2008) , we performed a rating study, which required subjects to respond either T or O for each constituent when the compounds were presented.
Method
Stimuli We selected 80 bisyllabic words (two characters in written form) in traditional script, given that SP-C is built on a traditional script corpus. Seventy-seven out of the 80 words were compound words, and the others were composed of foreign-word translations based on pronunciation. The materials were selected from those used by Lee (1995) , Lee (2007) and Tsai (1994) . Totals of 83 out of 89 transparent and 49 out of 53 opaque constituents were available for evaluating Model 1. All 89 transparent and 53 opaque constituents were available to Model 2, since Model 2 overcomes the constraint of Model 1 that some constituents are stand-alone and therefore unavailable in SP-C. The detailed results are shown in Appendix Table 7 .
Subjects Those compounds were rated by 11 students who completed a college degree in Taiwan. All of the subjects were native speakers of Chinese (traditional script).
Analysis The measure of human rating of each constituent was calculated as the probability with which subjects responded T to the constituent-for example, .91 for 10 out of 11 participants responding T. The characters with probabilities greater than or equal to .6 were categorized as transparent, whereas the ones with probabilities less than or equal to .4 were considered as opaque. The means and standard deviations of the human ratings were .85 and .13, respectively, for transparent characters, and .11 and .11 for opaque characters. All other settings for Models 1 and 2 were identical to those in the analysis of the Mok (2009) compounds.
Results and discussions
Descriptive statistics For M1, transparent constituents (mean = .23, standard deviation = .16) were higher than opaque constituents (mean = .08, standard deviation = .08), U = 841, p < .001. Similarly, transparent constituents (mean = .36, standard deviation = .27) obtained higher M2 than opaque ones (mean = .07, standard deviation = .18), U = 655.5, p < .001. The results also reveal that Co is higher for transparent constituents (mean = .15, standard deviation = .10) than for opaque ones (mean = .09, standard deviation = .04), U = 1,268.5, p < .001.
Correlations The Spearman rank correlations (a nonparametric test) between the human rating probabilities and Model 1 and between human rating probabilities and Model 2 were .50 and .58, respectively, ps < .001.
ROC Figure 3d illustrates the results of the ROC analysis, and the AUCs for Models 1 and 2 were .80 and .86, respectively. Both Models 1 and 2 are predictive to the results of human transparent judgments, and Model 2 obtained a numerically higher AUC and correlation than did Model 1. As we mentioned above, the concept of a word is not as clearly defined in Chinese as in English, and Chinese readers might learn the polysemy of characters implicitly from polymorphemic words. Therefore, Model 2 may in general be a better approach than Model 1 to predict transparency ratings for the constituents of Chinese compounds.
General discussion
The most important outcome of the present study is the proposed computational approach of using LSA to estimate semantic transparency and consistency measures, which may benefit psycholinguistic studies as a research method.
A research method for psycholinguistic studies
The effect of semantic transparency and consistency in Chinese reading The results, such as semantic transparency and consistency estimations, could be adapted to further Chinese reading research. Some unpublished studies have addressed the semantic transparency of two-character Chinese words (Lee, 1995; Lee, 2007) . C. Y. Lee found opposite results by Behav Res manipulating word frequency, character frequency, and word transparency in a lexical-decision task. She found that the response times of opaque words were shorter than those of transparent words, and the character frequency effects were only significant in transparent words. These results suggest that opaque words tend to be stored as a whole unit, whereas the constituents of transparent words are represented separately in the mental lexicon. Moreover, P. J. Lee used eyetracking to investigate how word frequency, word transparency, and character frequency influence eye-movement measures during reading. The study revealed shorter firstfixation and gaze durations for opaque words than for transparent words. Character frequency effects were found in transparent words (also known as compositional words) in first-pass measures; low-frequency characters were fixated longer. These eye-movement results were consistent with the findings of C. Y. Lee, but contrasted with the results of the English compound-word study by Frisson et al. (2008) that eye-movement measures did not differ between opaque words and their transparent controls. Since these studies were from non-peer-reviewed work and details of the works are restricted, we suggest applying the proposed transparency and consistency measures in further studies to examine the relationship between the continuous cosine values and genuinely continuous data such as fixation durations or lexical decision latencies, in order to address the open questions about semantic transparency.
Transparency of semantic radicals of Chinese characters In
Chinese character orthography, the most common structure is a semantic-phonetic compound character that is composed of a semantic radical on the left and a phonetic radical on the right (see Yan, Zhou, Shu, & Kliegl, 2012) . Generally, a semantic radical represents the meaning of the whole character, whereas the phonetic radical provides roughly the pronunciation. Some radicals can be standalone characters, but others cannot. Similar to the constituents of English and Chinese compound words, the meaning of a semantic radical may or may not be semantically related to the whole character. Radical semantic transparency refers to how a semantic radical semantically relates to the meaning of its semanticphonetic compound character. For example, the semantic radical 馬 ("horse") in the character 驢 ("donkey) is considered semantically transparent, whereas the semantic radical 氵 ("water") in the character 法 ("law") is opaque. Furthermore, the meaning of a semantic radical might differ from its meaning when it is a standalone character; for example, 貝 ("shell") was used as currency in ancient China, and therefore many characters with this radical are related to "money"-for instance, 賺 ("earn money") or 賒 ("loan money")-and are not semantically related to "shell" in contemporary Chinese.
The semantic transparency of radicals has been found to affect sublexical processing (see Yan et al., 2012 , for a review). Adult readers were found to be able to process characters with transparent radicals more efficiently than those with opaque radicals in semantic-categorization and lexical-decision tasks (Chen & Weekes, 2004; Hsiao, Shillcock, & Lavidor, 2007) . Shu and Anderson (1997) instructed 292 Chinese children in the first, third, or fifth grade to produce a two-character word from four candidate characters with different semantic radicals but the same phonetic radicals. They found that children performed better when the semantic radicals of the target characters were transparent. Using the proposed Model 1 in this context would be problematic, since nearly 50 % of all semantic radicals are not one-character standalone words. We therefore suggest adopting Model 2 to compute the semantic transparency and consistency of semantic radicals.
Language development The transparency and consistency measures computed by the proposed methods can also be beneficial for educational purposes. Chen, Hao, Geva, Zhu, and Shu (2009) suggested that Chinese children's abilities of vocabulary acquisition and character reading are related to how well they can construct a new compound word from familiar morphemes. The results of the present study might provide useful guidance for designing teaching materials--for example, to first teach children characters with high consistency or a larger morphological family size in order to teach general rules to construct new compounds, and then teach opaque compounds at the whole-word level.
Implications for raters' morphological processing Many issues remain when setting our model parameters, such as: Should constituent position be included in the morphological family? Should the size of morphological families be limited? For the constituents with low consistency, which meaning is activated by a rater? What is the optimal threshold for a given semantic space? Recent work by Crepaldi, Rastle, Davis, and Lupker (2012) has demonstrated evidence for position-independent representations of the constituent morphemes of compounds. Furthermore, it seems possible that position-independent constituents would improve the measurement of transparency in Model 2 by adding extra compounds with common meanings. For example, Model 2 is not presently able to compute a cosine measure for the constituent "nail" in "nailbrush," but presumably this would be possible if the model were to consider the "nail" in "fingernail" or "toenail," in which "nail" occurs in a different position. To address these issues, more empirical work will be required. From the results in the present study, it appears that the way in which transparency judgments are carried out affects the model parameter settings. We imply that the Behav Res meanings activated by human raters during transparency judgments may be individually different, and that each rater might have a different threshold for the "cutoff" of opacity.
Limitations and future work
Limitation of Chinese corpus The SP-C used in the present study was built using traditional script, and it will be important to test the compatibility between the traditional and simplified scripts. From the materials in Mok (2009) using simplified script, all high-frequency items except one (due to segmentation standard) were covered in SP-C, but five out of the 95 low-frequency items were not used in traditional scripts. Furthermore, 10 % of simplified characters map to multiple (two to four) traditional characters, which increases morphological or semantic ambiguity (see Tsai, Kliegl, & Yan, 2012) . This ambiguity caused by one-to-many mappings between simplified and traditional scripts could be further studied using semantic spaces based on simplified and traditional Chinese corpora.
The current limitations of the proposed method in Chinese might be the relatively small corpus size, which is due to the fact that no spaces appear between words in the Chinese writing system, and thus an automatic word segmentation algorithm is required. Hong and Huang (2006) introduced the Chinese Gigaword Corpus containing 1.1 billion Chinese characters, including 700 million traditional characters from Taiwan's Central News Agency and 400 million simplified characters from China's Xinhua News Agency (all simplified characters were converted into traditional characters). Automatic and partially manual word segmentation were carried out, and the accuracy was estimated to be above 95 %. Cai and Brysbaert (2010) published SUBTLEX-CH, based on a corpus (47 million characters) of film and television subtitles, and they suggested that SUBTLEX-CH is a good estimate of daily language exposure and captures much of the variance in word-processing efficiency. It is possible that Chinese semantic spaces could be established on the basis of those larger corpora.
Semantic similarity measure for computing transparency Other computational alternatives of semantic similarity could also be used. Since LSA requires document information-that is, a set of words that relate to the same topic, a corpus without specific document information (such as a corpus from film subtitles) may turn to the hyperspace analog to language (HAL; Burgess & Lund, 2000; Lund & Burgess, 1996) . Similar to LSA, HAL is a semantic space model, but HAL moves an n-word window, serving as a document, along a text corpus. An alternative approach, BEAGLE (Jones & Mewhort, 2007) , incorporates word order information on top of LSA. Since order information is important for some constituents, BEAGLE might be adopted to compute semantic similarities within the morphological family of a constituent (such as in the examples shown in Tables 2 and 3) . Furthermore, Maki, McKinley, and Thompson (2004) provided semantic distance norms derived from WordNet (Fellbaum, 1998 ; see also Miller, 1990) , and they found that these semantic distance measures closely resembled featural similarity and were distinct from LSA. This measure may be suitable for detecting semantic transparency with regard to the exocentric interpretation, such as shape information between "seahorse" and "horse," which is inaccessible for LSA (LSA cosine value for this example: .01). Therefore, we suggest that the WordNet-based measure could be integrated into semantic space models to account for a broader range of transparency interpretations.
Model parameters and performance The model parameters in the present study include (1) semantic space, (2) number of dimensions, (3) comparison type in Models 1 and 2, (4) definition of morphological family (position-specific or position-free), (5) definition of dominant meaning, and (6) distance function and threshold of the clustering algorithm. A single set of parameter values was used for each data set reported in this article, and these values were estimated arbitrarily. The optimization issues of LSA have been studied in Lifchitz, Jhean-Larose, and Denhière (2009) regarding optimal tuning of lemmatization, stop-word list, term weighting, pseudodocuments, and normalization of document vectors (see also Shaoul & Westbury, 2010) . It is also possible to combine multiple models-for example, by regression analysis or AdaBoost (Freund & Schapire, 1997 ; see also Bishop, 2006 )-to improve model performance.
In the present study, we propose a method to average across subjective differences and transparency ambiguities. Corroborating evidence from two different languages was presented by testing the stimuli used in prior compoundword studies (Frisson et al., 2008; Mok, 2009) , as well as ratings obtained for the present study. The results show good prediction (AUCs > .8) for the English compounds of Frisson et al. and for the ratings of Chinese data in the present study, and reasonable predictive performance for the Chinese compounds from Mok's data. Semantic consistency was found to be higher in transparent constituents than in opaque ones in all the materials of our evaluations. The results may be beneficial to psycholinguistic studies.
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